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I. INTRODUCTION
Clusters containing a central molecule surrounded by solvent atoms provide important prototypes for solvation processes. Those containing open-shell molecules are particularly interesting because they are models for the solvation of reactive species and reaction intermediates. The range of structures available for such species is considerably richer than for single-component clusters, or even for closed-shell heteroclusters such as Ar n HF. 1 In previous work, we have explored the structures of Ar n CH ͑paper I͒ 2 and Ar n OH clusters ͑Paper II͒ 3 by performing simulated annealing calculations on surfaces that take account of the open-shell character and include spin-orbit coupling. Substantially different structures were found in the two cases. For Ar n CH, because the X 2 ⌸ state of CH has a 1 configuration, the Ar-CH interaction potential strongly favors approach of an Ar atom in the nodal plane of the singly occupied orbital. 4 This was found to have important consequences for the Ar n CH structures: a persistent coplanar Ar 2 CH motif was observed, and the Ar cages formed around CH (X 2 ⌸) were found to be strongly distorted. 2 Ar n OH clusters were found to be quite different, because the X 2 ⌸ state of OH has a 3 configuration, so that the in-plane approach of an Ar atom is much less strongly favored. The interaction potential for Ar-OH (X 2 ⌸) has a minimum at the near-linear Ar-HO geometry. [5] [6] [7] As a result, the structures of the Ar n OH clusters are much less distorted 3 than those for Ar n CH. 2 Spectra of Ar n OH clusters could be observed by methods similar to those used for Ar-OH, 8 including laser induced fluorescence ͑LIF͒, 9-12 stimulated emission pumping ͑SEP͒, [13] [14] [15] microwave spectroscopy, 16 and direct infrared absorption 17 in supersonic jets. For any of these, the intensity is carried primarily by the OH monomer and the most intense bands will be those involving OH libration ͑blocked translation͒ or hindered rotation. In this paper, we will calculate the frequencies of such bands in clusters by performing five-dimensional quantum bound-state calculations, holding the Ar cage fixed at the geometry of a minimum ͑global or local͒ and allowing the OH molecule to translate and rotate within it. The theory needed for such calculations will be described below. The calculations will include both potential energy surfaces arising from OH (X 2 ⌸) and the coupling between them as well as spin-orbit effects.
A particularly interesting prospect is the observation of Ar n OH clusters in liquid helium droplets. For Ar n HF clusters, such experiments 18 have succeeding in resolving sizeselected clusters for n up to 9, and in observing multiple structural isomers for nϾ3.
Open-shell clusters show new effects that are not seen for closed-shell clusters. In particular, the existence of an angular momentum about the diatom axis has profound effects for the hindered rotor levels, because it allows oddorder terms in the Legendre ͑or spherical harmonic͒ expansion of the potential to have nonzero diagonal matrix a͒ elements in the free-rotor basis set. In addition, there are effects stemming from the existence of multiple potential energy surfaces and from spin-orbit coupling.
The methodology needed to carry out five-dimensional ͑5D͒ computations on closed-shell systems such as Ar n HF has been developed by Bačić and co-workers. [19] [20] [21] In the present paper, we extend this approach to treat an open-shell radical such as OH (X 2 ⌸) interacting with an Ar n subunit. In Sec. II we describe the theory and computational aspects of the rovibrational calculations and in Sec. III we present our results for cluster sizes from nϭ4 -12. Our conclusions are in Sec. IV.
II. THEORY AND COMPUTATIONAL ASPECTS

A. Notation
We use the notation of Dubernet, Flower, and Hutson 22 for clusters containing open-shell species. All quantum numbers and other quantities that are conventionally denoted by upper-case letters for diatomic molecules are replaced by lower-case letters for the monomer in a cluster, and the corresponding upper-case letters are reserved for the complex as a whole.
For a 2 ⌸ molecule in Hund case ͑a͒, the total electron orbital angular momentum 1 and the total electron spin s of the diatomic monomer are strongly coupled to the monomer axis r, with projections and , respectively. The total projection is ϭϩ. We use the convention that the OH monomer axis r runs from O to H. The angular momentum due to rotation of the monomer is perpendicular to r, so that is also the projection of the total monomer angular momentum j onto r. In OH (X 2 ⌸), ͉͉ can take values 
B. The 5D intermolecular vibrational Hamiltonian
To describe the 5D Hamiltonian used here for clusters containing open-shell radicals, it is best to begin with the Hamiltonian for an open-shell monomer interacting with a single closed-shell atom. This is
where the atom-diatom geometry is described in Jacobi coordinates ͑R, r, ͒. For an atom-diatom complex the kinetic energy operator T is conveniently written as
where 0 is the Ar-OH reduced mass, J is the total angular momentum of the complex, and LϭJϪj is its end-over-end rotational angular momentum. The open-shell monomer Hamiltonian H mon and the intermolecular potential V (R,r,) are described in more detail below. Because of the very different frequencies for the OH stretching and the intermolecular vibrations, we can perform an adiabatic separation and carry out calculations on an effective ͑vibrationally averaged͒ potential surface for each OH stretching state v. The effective Hamiltonian is then
where V v (R,) is the vibrationally averaged intermolecular potential for a monomer in vibrational state v. The principal approximations made for Ar n OH clusters in the present work are identical to those employed previously in the quantum 5D treatment of Ar n HF clusters: [19] [20] [21] ͑i͒ the Ar n subunit is held fixed at its equilibrium geometry and ͑ii͒ rotation of the complex is neglected. The OH monomer is thus free to move around inside or outside the Ar n subunit. Under these circumstances, it is convenient to use Cartesian coordinates for the center of mass of the OH molecule, but to retain angular coordinates and to describe its orientation. The resulting 5D Hamiltonian is then [19] [20] [21] HϭϪ
where n is the reduced mass of the Ar n -OH cluster, n ϭ(m Ar n m OH )/(m Ar n ϩm OH ). The coordinate system is fixed with respect to the Ar cage; it is to some extent arbitrary, but some choices of coordinate system give better quantum numbers than others. Where possible, it is best to choose the Z axis to lie along the highest-order symmetry axis of the equilibrium geometry of the complex, or at least to run from the OH molecule towards a central point in the Ar n subunit.
C. The open-shell monomer Hamiltonian
The complete effective Hamiltonian for an open-shell monomer is quite complicated, but for the current application it is adequate to use the simplified form
where b v and a v are the rotational constant and spin-orbit coupling constant for a monomer in vibrational state v. In this work, we consider OH (X 2 ⌸) in its vϭ0 state, with b 0 ϭ18.56 cm Ϫ1 and a 0 ϭϪ139.21 cm Ϫ1 . 23 The quantity E v contributes a constant to the total energy of the system, and so is ignored in the following discussion.
There are additional terms in the monomer Hamiltonian that couple different electronic states and are responsible for effects such as doubling. These could be included if required, but are not important at the present level of accuracy.
D. The interaction potential
The interaction potential between a molecule in a ⌸ state and a single closed-shell atom is usually characterized by two potential energy surfaces, V A Ј (R,) and V A Љ (R,). The corresponding electronic wave functions are even and odd, respectively, with respect to reflection in the plane of the molecule, so that the two surfaces correspond to approach of the atom along a lobe of the singly occupied orbital, or in its nodal plane, respectively.
The interaction potential may also in principle include terms that modify the spin-orbit coupling. In practice, however, these are unknown, and they are neglected in the present work. The spin-orbit operator is thus taken to have the same form in the cluster as in the OH monomer.
In a cluster containing a molecule in a ⌸ state and n perturbing closed-shell atoms, there are still two potential energy surfaces. However, these cannot be obtained by summing the atom-diatom potentials V A Ј and V A Љ directly, because there is in general no single molecular plane. Under these circumstances, it is easier to work with the sum and difference potentials,
The potentials V (R,) (ϭ0,2) may be thought of as the components in an expansion
where is an angle that describes the azimuthal position of the unpaired electron with respect to the triatomic plane. This viewpoint is useful in understanding the matrix elements between electronic functions. In a basis set of functions with ϭϩ 
In this basis set, V 0 is diagonal and V 2 provides an offdiagonal matrix element of magnitude V 2 for each perturbing atom. The quantities V 0 tot and V 2 tot will be defined in more detail below.
The two ͑doubly degenerate͒ spin-free adiabatic potential surfaces for the cluster can be obtained by diagonalizing the matrix ͑9͒. Alternatively, two adiabatic surfaces including spin-orbit coupling may be obtained by diagonalizing V Ar-OH tot ϩH so , where
͑10͒
This is what was done in locating the equilibrium geometries of Ar n OH clusters in Paper II. However, for bound-state calculations we need to retain both surfaces and the coupling between them, and for this purpose it is better to work in the diabatic representation.
When there are several perturbing atoms, the matrix elements of the potential are most conveniently calculated in a monomer-fixed axis system with its z axis along the OH bond and its x axis containing one of the solvating atoms. ͓Note that this is not the same axis system as is used for the OH translations.͔ The positions of the n perturbing atoms are specified by spherical polar coordinates R i , i , i for i ϭ1 -n. In the present model, we take the part of the potential that is diagonal in , due to V 0 , to be just a simple sum over n atomic perturbers,
However, the off-diagonal terms, due to the difference potential V 2 , depend on i ,
The exponential factor in Eq. ͑12͒ arises because the potential due to atom i actually contains factors exp"i(Ϫ i )… instead of exp(i). Because of the phase factors, the overall effect of V 2 vanishes for any regular array of atoms with more than twofold symmetry around the z axis. In general, however, V 2 tot as defined here is a complex quantity, and the matrix ͑9͒ is complex Hermitian rather than real symmetric.
In the present work, we use potential energy surfaces constructed from the Ar-OH (X 2 ⌸) surfaces of Dubernet and Hutson, 6 assuming pairwise additivity in the sense of Eqs. ͑11͒ and ͑12͒. It may be noted that the phase factors in Eq. ͑12͒ actually make the surfaces nonadditive in the usual sense. The Ar-Ar interaction is described by the HFD-C potential of Aziz and Chen, 24 which has a well depth of 99.55 cm Ϫ1 for the equilibrium Ar-Ar distance of 3.759 Å. Since the Ar-Ar distances are held fixed in the 5D calculations, the Ar-Ar potential provides only an overall energy shift for each cluster.
E. Accuracy of the rigid-cage approximation
The approximation of treating the Ar n cage or subunit as internally rigid is a good one ͑for the modes involving diatom translation and rotation͒ as long as the structure of the Ar n subunit does not change much as the diatomic molecule moves around. This is true for Ar n OH (X 2 ⌸) because the interaction potential between OH and Ar is such that the OH-Ar equilibrium distance does not depend strongly on the OH orientation. In contrast, the potential between CH (X 2 ⌸) and Ar has very different equilibrium distances for in-plane and out-of plane approach of Ar to CH, so that it would be inappropriate to treat the Ar n subunit as rigid in Ar n CH clusters. Taking the Ar n cage to be rigid in Ar n OH remains valid even though some of its isomers are separated by just several wave numbers, as discussed in Sec. III H. The barriers between these minima are on the order of 100 cm Ϫ1 or more, making the interconversion of isomers difficult. Consequently, the Ar n subunits are localized in their respective potential minima, justifying the rigid-Ar n aproximation.
F. Bound-state methodology
For a monomer described by Hund's case ͑a͒, the rotational states of the free molecule are described by normalized symmetric top rotational functions. 22, 25 In terms of Euler angles ͑, , 0͒ describing the orientation of the molecule, the functions are
where D P, j * (,,0) are ͑complex conjugates of͒ Wigner rotation matrices with the phase convention of Brink and Satchler. 26 The quantum number P describes the projection of the diatom angular momentum onto the Z axis fixed in the cluster.
The computational methodology used here is an extension of that developed for the 5D intermolecular vibrational eigenstates of closed-shell clusters such as Ar n HF. 21 A 3D direct product discrete variable representation ͑DVR͒ 27,28 is employed for the X, Y, and Z coordinates and normalized spherical top functions as in Eq. ͑13͒ are used for the angular coordinates and the electronic degree of freedom. Together, these constitute a 5D basis set ͉X ␣ ͉͘Y ␤ ͉͘Z ␥ ͉͘ j P͘. However, since there are two coupled potential energy surfaces involved, corresponding to an extra degree of freedom, we refer to the present calculations as five-dimensional/twosurface ͑5D/2S͒ calculations when we wish to distinguish them from the simpler 5D calculations needed in the closedshell case.
The technical aspects of the implementation of sin DVR methods together with sequential diagonalization and truncation for the X, Y, and Z coordinates have been described previously. 21 We have used similar procedures and the same notation for Ar n OH (X 2 ⌸) in the present work, with two main modifications. First, a primitive sin DVR basis has been used in place of the potential-optimized ͑PO͒ DVR method used for Ar n HF. Second, the potential part V (X,Y ,Z,,) has been handled in a diabatic representation.
For Ar n HF clusters, the PO-DVR method 29 was found to be efficient, reducing both memory and CPU requirements without losing accuracy. 21 However, the accuracy of the energy levels does depend on how the reference potential that defines the PO-DVR points is chosen. In the present openshell problem, because there are two different PESs involved, it is difficult to construct a single effective PES to use as the reference potential. Tests of PO-DVR approaches for Ar n OH clusters showed poor convergence compared to a primitive ͑unoptimized͒ DVR approach. To convert the previous formulation 21 using PO DVR to the primitive sin DVR is very simple: All reference potentials are set to zero.
The complete 5D/2S problem is solved in two stages. First, for each pair of DVR points (X ␣ ,Y ␤ ), we solve a 3D eigenvalue problem in Z and the angular coordinates,
and
͑16͒
The monomer Hamiltonian H mon has been described above. In the basis set ͉ j P͘ϵ͉ j P͘, its matrix elements are diagonal in P and independent of it. In the 5D basis set ͉X ␣ ͉͘Y ␤ ͉͘Z ␥ ͉͘ j P͘, they may be expressed as
where, for jϾ
The diagonal elements E( 2 ⌸ 3/2 , j) and E( 2 ⌸ 1/2 , j) may be found by considering the diagonal part of the Hamiltonian ͑5͒,
The off-diagonal matrix elements in Eq. ͑18͒ arise from the rotational decoupling part of the monomer Hamiltonian,
This is off-diagonal by 1 in and therefore in , but is diagonal in and j. Its matrix elements between monomer functions are
For a doublet state, the second factor in this equation ͑in-volving S and ͒ is 1. The quantities h dec occurring in Eq. ͑18͒ are therefore
For the case of jϭ 
where the last argument is zero because the electronic azimuthal factor exp(i) is handled separately as described above. The coefficients
where the total potential is evaluated from Eqs. ͑11͒ and ͑12͒ with the monomer at orientation ͑, ͒ in the frame fixed in the cluster. As noted above, V 2 tot is a complex quantity because of the factors exp(Ϫ2i) in Eq. ͑12͒. In this work, integrals over rotation matrices are evaluated as described by Leforestier. 30 At each DVR grid point (X ␣ ,Y ␤ ,Z ␥ ), the potentials V 0 tot and V 2 tot are evaluated on a grid of points in and to project out the components
The matrix elements of the rotation matrices D * between the angular basis functions ͉ j P͘ are simply
where must be equal to PЈϪ P and must be equal to ЈϪ to avoid a nonzero value for one of the ClebschGordan ͑CG͒ coefficients. From Eqs. ͑23͒-͑25͒, we may express the matrix elements of V in the basis set ͉X ␣ ͉͘Y ␤ ͉͘Z ␥ ͉͘ j P͘ as
where for grid point (X ␣ ,Y ␤ ,Z ␥ ) and jϾ
where
As before, for the case of jϭ Using Eqs. ͑21͒-͑29͒, we may now solve Eq. ͑14͒, which describes the hindered rotation of the diatomic molecule coupled to the Z-axis vibration ͑against the large Ar n subunit͒ in the cluster. The Hamiltonian matrix is complex Hermitian rather than real symmetric matrix in the signedbasis set used here. It would in principle be possible to symmetrize the basis set to obtain a real symmetric Hamiltonian matrix, but this was not done in the present work. The final step is to diagonalize the 5D Hamiltonian, using primitive sin DVR functions for the X and Y coordinates but contracted functions from the 3D calculation for the Z coordinate and the angular degrees of freedom. 
The subscript q appearing in Eq. ͑29͒ stands for indices ͕␥ j P͖ instead of ͕␥ jm͖ as in Eq. ͑18͒ of Ref. 21 .
G. Modifications for ⌬ states
The theory needed to handle solvation of an open-shell molecule in a ⌬ state is quite similar to that for a ⌸ state. The major differences are in the potential energy surfaces and in the monomer Hamiltonian.
For a single atom interacting with a molecule in a ⌬ state, the two spin-free surfaces are both of AЈ symmetry and the difference potential is V 4 rather than V 2 . In a cluster, the factor exp(Ϫ2i) in Eq. ͑12͒ must be replaced by exp(Ϫ4i) and V 4 tot ͑which has matrix elements between ϭϩ2 and ϭϪ2͒ must be expanded in rotation matrices with ϭ4.
For a 2 ⌬ state, the diagonal elements of the monomer Hamiltonian are
and h dec ϭϪb vͫ j͑ jϩ1 ͒Ϫ 15
. ͑32͒
H. Computational aspects
The complicated forms of the potential and of the monomer Hamiltonian make the open-shell problem significantly more difficult to solve than the closed-shell one for several reasons: ͑i͒ the angular basis size is almost a factor of 4 larger than in the closed-shell case; ͑ii͒ the Hamiltonian matrices for both the 3D Hamiltonian ͑14͒ and the final 5D Hamiltonian ͑29͒ are complex in the open-shell case, but real in the closed-shell case; 21 and ͑iii͒ the PO-DVR method cannot be easily applied in the open-shell case because of the two different PESs involved.
The primitive basis sets applied here require both enormous CPU time and large memory space. Fortunately, for clusters Ar n OH (X 2 ⌸) with nу4, it nevertheless proved feasible to carry out the calculations. On fast workstations ͑for example, 360 MHz CPUs, 6 GB memory, and eight processors͒, the CPU time required varied from 150 to 500 h for the final calculation on each Ar n OH cluster.
Before carrying out convergence tests, we first examined the potential energy surface for each Ar n OH structure for n ϭ2 -12. For each position ͑X,Y,Z͒ of the center of mass ofthe OH monomer, we minimized the lower of the two PESs with respect to the orientation of the OH monomer. Examples of the resulting effective translational surfaces, for nϭ10, 11, and 12, are shown in Fig. 1 . The surfaces give us a rough idea of the spatial range of the OH translational motions. This was used as a guide in choosing the range needed for the DVR points in X, Y and Z.
For the Ar 2 OH and Ar 3 OH clusters, it was immediately clear from inspection of the potential surfaces that our computers could not support bound-state calculations with the present method, since the OH monomer can carry out very large amplitude translational motions and unrealistically large basis sets would be required in the primitive sin DVR approach.
The PESs for the global minimum structures of Ar 7 OH, Ar 8 OH, and Ar 9 OH are quite similar to that for Ar 6 OH, because the additional Ar atoms above Ar 6 contributes only to the second shell of atoms around OH.
3 Similar PESs also exist for the global minimum structures for n from 12 to 15. Again, the additional Ar atoms built on the Ar 12 cage are in the second solvation shell. 3 We performed convergence tests on the low-lying rovibrational energy levels for all the global minimum geometries and some low-lying isomer structures of Ar n OH clusters for nϭ4 -12. Case-by-case testing is very time consuming but is necessary to obtain accurate results. Even for the same n, the rovibrational levels for different geometries generally converged at different rates. To save computer time, in some cases we permuted the ͑X,Y,Z͒ coordinates so that the lowest-amplitude motion corresponded to the Z axis. This reduced the number of DVR grid points N Z required in solving the 3D Hamiltonian. In the end, the lowest-lying four rovibrational levels of each the Ar n OH cluster were converged to between 0.01 and 0.05 cm
Ϫ1
, and other levels that lie within 100 cm Ϫ1 of the rovibrational ground state were converged to between 0.1 and 0.2 cm
. Such accuracy is enough for us to obtain qualitative conclusions because the neglected terms in the simplified 5D Hamiltonian may lead to inaccuracies of more than 0.1 cm Ϫ1 in some energy levels.
For the Ar n OH (X 2 ⌸) problem, the rotational basis set is limited by j max ϭ 9 2 for all structures. The potential integrals were carried out with N ϭ10 and N ϭ20 points in and , respectively. Our convergence tests showed that these valuesgive convergence to better than 0.005 cm Ϫ1 for all levels, which is more than adequate for present purposes. 
III. RESULTS AND DISCUSSION
The energy levels obtained from the 5D/2S calculations for cluster sizes nϭ4 -12 are shown in Fig. 2 , together with correlations that show how the various modes evolve with cluster size. The levels corresponding to hindered rotation of OH in the cluster are listed in Table I .
Before discussing the energy levels of Ar n OH clusters, it is useful to recall the levels of Ar-OH itself 22 and how they differ from those of closed-shell complexes. 31 In a closedshell complex such as Ar-HF, the HF molecule can undergo hindered rotation. In the potential due to an Ar atom, each HF rotational level with rotational quantum number j is split into components with projection Kϭ0,1,...,j along the intermolecular axis. In the absence of Coriolis coupling from rotation of the complex as a whole, levels that differ only in the sign of K are degenerate. Ar-OH differs in that the monomer has an electronic ground state 2 ⌸ 3/2 , with electronic (orbitalϩspin) angular momentum ϭϮ 3 2 along its internuclear axis. The lowest rotational state has jϭ͉͉ϭ 3 2 , and is split into four components rather than two by the intermolecular potential. The pattern of energy levels has been described by Dubernet, Flower, and Hutson. 22 The projection of j onto the intermolecular axis is labeled P rather than K for an open-shell complex ͑because K is reserved for a spinfree quantum number for Renner-Teller molecules͒ and the energies depend on the sign of P as well as its magnitude. In particular, levels in which P and have the same sign have the H of OH pointing predominantly towards the Ar atom, whereas those in which P and have opposite signs have the H atom pointing mostly away from Ar. This occurs because the OH free-rotor wave functions are Wigner rotation matrices, rather than simple spherical harmonics. The sign of P is conventionally used to designate its sign relative to : the lowest level thus has Pϭϩ , and there is also a van der Waals stretching frequency of 34.9 cm Ϫ1 .
A. Ar 4 OH
The minimum-energy structure of Ar 4 OH has C 2v symmetry, with the four Ar atoms on one side of OH in a ''folded diamond'' arrangement as shown in Fig. 5 of Paper II. The potential felt by an OH molecule is thus not cylindrically symmetrical, so that P is not a good quantum number even when rotation of the cluster is neglected. Nevertheless, if P is defined as the projection of j onto the C 2 axis, it is still a useful label.
The results of the 5D/2S calculations for this structure are given in Table II as an example. In addition to level energies, we calculated root-mean-square vibrational amplitudes and assigned quantum numbers on the basis of wavefunction plots. As for Ar-OH itself, the ground state for Ar 4 OH has Pϭϩ , with much the same pattern as in Ar-OH ͑the largest spacings at the bottom͒ but a larger spread.
In Ar 4 OH, the translational motions of OH relative to Ar 4 are interleaved with the hindered rotor levels as shown in Fig. 2 . Motion parallel to the ''short'' axis of Ar 4 ͑desig-nated the Y axis here͒ is much easier ͑lower frequency͒ than motion parallel to the ''long'' axis ͑designated X͒, because the latter brings the OH into stronger repulsive interaction with the ''ears'' of the cap. The resulting excitation frequencies are Y ϭ19.68 cm Ϫ1 and X ϭ44.15 cm Ϫ1 , respectively.
Motion along the C 2 axis has an even higher frequency ( Z ϭ51.13 cm Ϫ1 ) because it brings the OH molecule into direct contact with the Ar 4 subunit. The translational quantum numbers for the X , Y , and Z modes are designated n X , n Y , and n Z , respectively. For clusters where the X and Y motions are strongly mixed ͑see below͒, X and Y are replaced by 1 and 2 , with quantum numbers n 1 and n 2 . For Ar 4 OH, however, the X and Y motions are distinct and the wave functions for the states with (n X ,n Y ,n Z )ϭ(1,0,0), ͑0,1,0͒, and ͑0,0,1͒ are shown in Fig.  3 . It may be seen that the wave functions for the X and Y modes have clear nodal planes in the Cartesian representation. The Y translational frequency for Ar 4 OH is so low that several overtones like among the lowest 14 levels shown in Fig. 2 . The progression of excitation energies ͑37.87, 54.54, and 70.13 cm Ϫ1 ͒ is remarkably harmonic, and the corresponding wavefunction density plots are shown in Fig. 4 . Translational levels built on the Pϭϩ 1 2 excited internal rotor state may also be seen in Fig. 2 , starting at 42.58 cm 
B. Ar 5 OH
The minimum-energy structure of Ar 5 OH has a square pyramid of Ar atoms, with OH lying below the pyramid on the C 4 axis. As discussed previously, the Jahn-Teller distortion of the pyramid that would be expected for a 1 ⌸ molecule is quenched by the OH spin-orbit coupling. The OH molecule thus does experience a cylindrically symmetrical potential, and P is a good quantum number in the absence of overall rotation of the cluster. As may be seen in Fig. 2 , the four hindered rotor levels with Pϭϩ The base of the pyramid of the Ar 5 subunit is square, so there is no longer an ''easy'' direction for OH translational motion. Because of this, the two ''in-plane'' translational frequencies for OH motion are much closer together, at 34.12 and 38.81 cm
Ϫ1
. Nevertheless, they are not degenerate, despite the C 4v symmetry. This is because there is a vibrational angular momentum lϭϮ1 associated with the translational motion, and Jahn-Teller states with total projection Pϩl ϭ 
C. Ar 6 OH
The minimum-energy structure for Ar 6 OH has OH lying below a pentagonal pyramid of Ar atoms. The four OH hindered-rotor levels span 74.81 cm
Ϫ1
. The two in-plane translational modes 1 and 2 are at somewhat higher frequencies than for Ar 5 OH, at 45.82 and 51.60 cm Ϫ1 , again split by the Jahn-Teller effect. The perpendicular translation has now crossed to lower energy, Z ϭ43.96 cm Ϫ1 .
D. Ar n OH, nÄ7 -9
The lowest-energy structures for nϭ7 -9 are built upon that for nϭ6. In all of them, the OH molecule lies below the center of a pentagonal Ar 6 pyramid, with the extra atoms added above the pyramid and out of contact with the OH. Because of this, they all have quite similar energy level patterns to Ar 6 OH, as shown in Fig. 2 . The only major difference is that, for nϭ8 and 9, the potential asymmetry due to the additional Ar atoms is sufficient to dominate the JahnTeller splitting of the in-plane translational modes referred to above, so that the corresponding wavefunctions show distinct nodal structures in Cartesian coordinates, as shown in Fig. 6 , and may be identified as X and Y rather than 1 and 2 .
E. Ar 10 OH
The minimum-energy structure changes dramatically for Ar 10 OH, to one with OH at the center of an incomplete icosahedral cage of Ar atoms. Because of this, the OH molecule encounters a much less anisotropic potential than for Ar n OH, but is translationally more strongly confined. Accordingly, the internal rotor frequencies drop as shown in Fig. 2 , with the four levels with Pϭϩ , respectively. The isosurfaces are drawn at 20% and 60%, respectively, of the maximum density. The coordinates are given in Å. , respectively. The state with one quantum of excitation is shown in Fig. 3 . The isosurfaces are drawn at 20% and 60%, respectively, of the maximum density. The coordinates are given in Å. the bottom; this is inverted compared to the pattern for small numbers of Ar atoms. The in-plane translational modes are at 58.34 and 69.01 cm
Ϫ1
, and the perpendicular mode is at 59.75 cm Ϫ1 .
F. Ar 11 OH
The minimum-energy structure for Ar 11 OH is one step further along the road to a closed icosahedral cage, now with only one vacancy. The splitting of the hindered rotor levels thus decreases further, to 21.84 cm Ϫ1 , which is remarkably close to the value of 21.3 cm Ϫ1 found in Ar-OH. Again, though, the actual pattern is inverted compared to Ar-OH, with small spacings at the bottom and large spacings at the top. The OH translational modes are fairly similar to those in Ar 10 OH, except that there is now very little asymmetry between the X and Y motions and the wavefunctions are again cylindrically symmetrical, with definite values of l, and are labeled 1 and 2 .
G. Ar 12 OH
The 12th Ar atom completes the near-icosahedral cage, so that the OH molecule feels an almost spherical potential. Because of this, the four levels correlating with jϭ 3 2 are nearly degenerate, and there is a very large spacing between these and the next group of levels at about 60 cm
Ϫ1
, in which OH is translationally excited in the Ar 12 cage.
The 5D/2S calculations do still give a small splitting of 1.3 cm Ϫ1 between the four P levels arising from jϭ 3 2 . However, this is probably an artifact of the methodology. The Ar 12 cage structure used in the 5D/2S calculations is calculated for a fixed orientation of OH, and is thus not completely spherical. However, once the OH molecule is allowed to rotate freely, it is likely that the Ar 12 cage will relax to reduce the barrier to internal rotation further. Under these circumstances, Coriolis coupling from overall rotation of the complex will probably destroy the P quantum number. Instead, the levels are likely to be characterized by a rotational quantum number j Ar for the Ar 12 cage as a whole, which will couple with jϭ 3 2 to give levels with total angular momentum J from j Ar Ϫ 3 2 to j Ar ϩ 3 2 . In principle, there may also be a vibrational angular momentum l arising from the 3D translational motion of OH inside the cage.
H. Effect of zero-point energy on isomer stabilities
As described in Paper II, the potential surfaces for many of the Ar n OH clusters have low-lying secondary minima. Where these involve different arrangements of the Ar atoms about OH ͑rather than just a different OH orientation͒, they correspond to structural isomers of the clusters. Different isomers may have significantly different zero-point energies, so that the energy separation or even the energy ordering can be affected, as found previously for the isomers of the Ar n HF clusters. 21 The 5D/2S zero-point energies for the lowest two geometries for each cluster size are given in Table III : it may be seen that the zero-point energies for the absolute minimum geometry vary fairly smoothly, with a maximum between nϭ6 and 10, where the potential experienced by OH is most anisotropic and there is a significant angular contribution to the zero-point energy. However, the zero-point energies for higher-energy structures vary much more erratically, and in some cases are significantly lower. For nϭ6 and 8, the difference in 5D/2S zero-point energies is large enough to bring the isomer with the larger potential energy below the one corresponding to the absolute minimum on the potential. This is because, in each case, the second minimum involves an Ar n subunit that is based on the Ar 4 ''folded diamond'' rather than the Ar 5 pentagonal pyramid, and the low Y frequency that results reduces the 5D/2S zero-point energy significantly. However, it should be remembered that polytetrahedral Ar n subunits are themselves stiffer and have higher zero-point energies than looser assemblies such as those based on a pentagonal pyramid, so that inclusion of the zero-point energy of the Ar n might well restore the preference for the isomer corresponding to the equilibrium geometry. This was found to be the case in the recent diffusion Monte Carlo calculations on the low-lying isomers of the Ar n HF clusters for nр7. 32 Accordingly, we have focused on the isomers with the lowest potential energy in the present paper.
IV. CONCLUSIONS
We have developed a method for quantum dynamical bound-state calculations on clusters containing an open-shell molecule solvated by n closed-shell atoms, and have applied it to Ar n OH (X 2 ⌸) clusters for nϭ4 -12. The OH molecule is allowed to undergo hindered rotations and translations in the field of a fixed-geometry Ar n cage or subunit. Both potential energy surfaces arising from the 2 ⌸ state of OH are included, as well as the coupling between them. The resulting five-dimensional/two-surface ͑5D/2S͒ problem is solved using a discrete variable representation for the OH translational motions and a finite basis representation for the OH rotations and electronic structure. Spin-orbit effects are included.
TABLE III. Quantum 5D/2S vibrational ground-state energies E n,i 0 and zero-point energies ZPE n,i , for the global minimum (iϭ1) and the next higher isomer (iϭ2) of Ar n OH (X 2 ⌸) clusters. ⌬V n 2 is the difference between the equilibrium energy of the second isomer (iϭ2) and the global minimum (iϭ1) for the cluster size n. ⌬E n 2 is the difference between the quantum 5D/2S vibrational ground state energies of these two isomers. All energies are in cm
Ϫ1
. The pattern of OH hindered rotor levels found in clusters is similar to that for Ar-OH itself, though extended over three to four times the energy range for nϭ4 -9. The pattern changes abruptly for nϭ10, where the OH atom moves inside an Ar cage. Ar 12 OH has a nearly spherical shell of Ar atoms around the OH, so the anisotropic splitting is very small. For nϭ10 and 11, the anisotropy may be viewed as arising from holes in an otherwise spherical shell of Ar atoms, and the resulting patterns of hindered rotor levels are inverted versions of those for Ar 2 OH and Ar-OH.
The translational motions also show interesting features. For Ar 4 OH, there is one direction of motion that is very weakly hindered, and a long progression of low-energy vibrations is observed. For larger clusters, the OH translational motions move to higher and higher frequency, reaching around 60 cm Ϫ1 for Ar 12 OH. Two distinct types of translational motion are observed: If the potential experienced by OH is very nearly cylindrical, as for nϭ5 -7 and nϭ11 and 12, the modes for motion in the X and Y directions couple to form combinations with definite vibrational angular momentum about the Z axis, and the corresponding wavefunctions appear circular in the XY plane. However, when the OH molecule experiences a significantly noncylindrical potential, as for nϭ4 and nϭ8 -10, the vibrational angular momentum is quenched and the wavefunctions have nodes in the XZ and YZ planes. 
